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Abstract

Three dose models are constructed using direct measure-
ments of dose on the CRRES satellite, in a low-inclination,
geosynchronous-transfer orbit. The Average Model uses data
taken over the entire 14 months of the CRRES mission from
July 1990 to October 1991. The Quiet Model uses data from
July 1990 to March 1991. The Active Model uses data from
March 1991 to October 1991. The separation of the quiet and
active periods is based on the 24 March 1991 solar particle
event and subsequent solar wind shock which rearranged the
inner magnetosphere radiation populations. The dose models
are dose rate averages in grids of L and B/B,. A software
program (CRRESRAD), developed for the models, allows the
calculation of dose behind 4 shielding thicknesses for any
satellite orbit. In the active period, dose acquired in a
circular, low-inclination orbit in the "slot region® is greater
than in the quiet period by up to two orders of magnitude,
making this region, heretofore thought to be relatively benign,
comparable in radiation harshness to the peak of the iomer
radiation belt. The suitability of the CRRES dose models for
evaluating dose in high inclination orbits is also discussed.

1. INTRODUCTION

A major goal of the CRRES (Combined Release and
Radiation Effects Satellite) program is to update the NASA
radiation belt models {1, 2, 3] which are widely used by the
space engineering community in satellite design and orbit
determination. An aspect of this goal is to create models that
more accurately reflect the dynamic nature of the beits. The
CRRES satellite was operational from 25 July 1990 to 12
October 1991. In March 1991, a very large solar particle
event combined with the near-Earth passage of a shocked solar
wind provided so much energy to the inner magnetosphere that
the radiation belts took on very different profiles from those
in the NASA models [4]. Two new belts were formed: a
second high energy proton belt with peak fluxes at an L-value
of 2.25 R (R is an Earth radius) and a third electron belt
with peak fluxes at an L-value of 2.15 Ry composed of elec-
trons with energies from 1 MeV up to and exceeding 30 MeV.
Electrons above ~ 10 MeV had not previously been measured
in the inner magnetosphere [5]. These new belts filled the
"slot” region between the inner (predominantly proton) belt
and the outer electron belt with a very damaging particle
population. For electrons, the energies are greater than those

mesasured in cither the inner or the outer beits. The new belts
were still in existence some 6-plus months after their forma-
tion when CRRES ceased transmitting data due to battery
failures.

The dynamic nature of the inner magnetosphere is not
included in any existing model, and preseats a problem for
orbit planning and satellite design when cost-effective missions
are imperative. A comparison of dose measurements on
CRRES with NASA model predictions was previcusly reported
[6]. The comparison showed the extreme inadequacy of
NASA AES [7] electron dose predictions for energies greater
than 5 MeV following the March event. Here we use the
CRRES dose data to make statistical dose models for three
periods, before and after the March storm, separately, and
over the entire CRRES mission. We then use these models tc
calculate the dose that would be received in various satellite
orbits behind four thicknesses of shielding. We show that, in
selected orbits, the dose can increase by more than two orders
of magnitude, and that the slot region becomes comparable to
the heart of the inner belt with respect to dose asccumulstion
behind thick shielding. Although we do not have a sufficient
baseline with the CRRES data to answer every question
regarding the dynamics of the near-Earth radiation environ-
ment, we can give what may be a best and a worst case dose
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prediction for specific orbits during solar maximum based on Q0

the CRRES measurements.
II. INSTRUMENT AND ORBIT

CRRES was in a low-inclination (18.2°) geosynchronous-
transfer orbit, passing through the heart of the radiation belts
twice every 10-hour orbit period. The satellite was equipped
with the finest complement of high energy particle experiments
ever flown in space. One of the instruments, the Space
Radiation Dosimeter, directly measured dose acquisition as a
function of time (thus, altitude snd magnetic latitude). The
data from this experiment are used in this report. The dosi-
meter retumned dose data in two energy deposition ranges: 50
keV to 1 MeV, the LOLET (low linear energy transfer) range;
and 1 to 10 MeV, the HILET (high linear energy transfer)
range. The dose was measured behind four thicknesses of
hemispherical aluminum shielding (0.57, 1.59, 3.14, 6.08
govem?®) which allow penetration of electrons with energy
greater than 1, 2.5, 5, and 10 MeV, respectively, and penetrs-
tion of protons with energy greater than 20, 35, 52, and 75
MeV, respectively. A 1/2 inch thick tungsten base prevented
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protons and electrons with energies below 120 and 200 MeV,
respectively, from penetrating the detectors from underneath.
The LOLET channels received energy deposition from
electrons and >130 MeV protons. The HILET channels
received epergy deposition from protons. More complete
descriptions of the dosimeter can be found in Refs 8,9.

III. APPROACH

Magnetospheric rediation-belt particles have been shown to
be well-ordered by the Mcliwain L-parameter [10] and the
ratio (B/By) of the magnetic field intensity (B) to the field
intensity of the same field line at the magnetic equator (By).
These are commonly called L-B/B, coordinates. The L-
parameter (simply called L) marks particle drift shelis by their
equatorial distance from the center of the Earth, and is
measured in Earth radii (Rg). For a dipole field, L is equiva-
lent to altitude in the magnetic equatorial plane. More
complicated field models are, in effect, projected onto the
dipole field to determine L. The CRRES modeling effort uses
the field model that results from combining the International
Geomagnetic Reference Field (IGRF) Revision 1985 internal
field model [11] with the Olson-Pfitzer quiet external field
model [12]. The CRRES orbit covers L-values of 1.1 to 8
Rg. B/B, is directly relatable to magnetic latitude. The
CRRES orbit covers B/B, values from 1 to ~4, or magnetic
latitudes from 0° to ~ +30°. The dose maps that we create
are statistical averages of data in discrete L and B/B, bins.
The L-bin divisions are every 1/20th of an Rg; the B/B,
divisions are variable, being equivalent to steps of 2° in
magnetic latitude in a dipole field.

To create the dose models we first divided the entire
CRRES dosimeter data base into two parts: that occurring
before the March storm (27 July 1990 to 19 March 1991) and
that after the storm (31 March 1991 to 8 October 1991). The
period from 19 to 31 March was the period of the reconfigu-
ration of the belts. It is included in an additional total data
base which is used to produce the Average Model. A separate
model was created from the data for each of these three time
periods, and for both LOLET and HILET data. Second, we
accumulated the data in L Shell- and B/B,-bins for each
CRRES orbit, by channel, and stored the total counts with the
number of observations. The data from all orbits appropriate
to a given model were then combined by performing a simple
average over all measurements falling into each L-B/B, bin.
Third, we corrected the data for the onboard alpha source
used to update the dosimeter calibration in-flight. The
correction was significant for the HILET channels and, in
particular, for the first HILET channel. The alpha source was
the first order limitation on the accuracy of the dose measure-
ments. Fourth, where bin averages were suspect we set the
values to zero. Bin averages were zeroed for the following
reasons: &) the number of observations for the bin average was
less than 450 (equivalent to 30 minutes of data collection); b)
the residual after applying the alpha source correction was
negative; ¢) the average was less than the alpha source count

plus twice the stalistical deviation in the alpha source count:
(two sigma); d) the bins were at altitudes below the Jow
altitude cutoff of the inner belt (these points were sporadic and
easily identified). Otherwise all data points were retained.
Finally, the corrected dose counts were converted to dose,
using pre-flight calibration results, and kept in tabular form in
rads(Si)/s.

We designate the pre-event, post-event, and total data base
dose models the “Quiet,” "Active,” and “Aversge” Dose
Models, respectively. As we show in the pext two sections,
dose accumulated from the models can be quite different
depending on satellite orbit.

IV. QUIET AND ACTIVE DOSE MODELS DURING
SOLAR MAXIMUM

Figures 1 and 2 are line plots taken from the Quiet and
Active CRRES Dose Models, respectively. The dose is
measured behind dome 2, which has a thickness of 232.5 mils
Al. The figures show the dose in rad(Si)/s as a function of L
and averaged for the three B/B, values nearest the magnetic
equator (+6° around the magnetic equator). They are shown
only out to L-values of 6.5, because they become discontinu-
ous and near background beyond this value. The HILET
(LOLET) dose is shown with large (small) dashed lines. The
total dose is shown with a solid line. HILET dose dominates
for L < 2 Rg, and LOLET dose for L > 3 R;.

In the Quiet Model (Figure 1) there is a clear slot region
between 2 and 3 R; separating the inner and outer radiation
belts. This region is relatively benign, baving & dose rate
almost 500 times less than the peak of the inner belt and an
order of magnitude less than the peak of the outer beit. A
major difference between the Quiet Model and the Active
Model (Figure 2) is that the slot region is filled with a second
HILET belt and a third LOLET beit. The peak of the new
LOLET belt (2.15 Ry) is somewhat nearer the Earth than the
peak of the new HILET belt (2.25 R¢). The peak intensity of
the new LOLET belt is greater than both the inner and the
outer LOLET belt peak intensity, while the inteasity of the
new HILET peak is only somewhat (30%) less than that of the
inner belt. Thus, the slot region is filled with a new radiation
belt that is comparable in intensity to that of the inner belt,
which was previously assumed to be the region of greatest
radiation hazard in the magnetosphere,

Other points of comparison are: The inner belt is un-
changed in the two models. The LOLET outer belt peaks
somewhat closer to the Earth and is about an order of magni-
tude more intense in the Active Model compared to the Quiet
Model. Athigh L values (>3 Rg) the HILET dose rate in the
Active Model is greater, by about an order of magnitude, than
that in the Quiet Model. This is due to the greater number of
solar proton events during the active period and the ability of
these protons to penetrate deeply into the magnetosphere.

Figure 3 shows the Active Model dose rate as a function
of L for B/B, = 1.69-1.88 [+(20° - 22°)] Magnetic Latitude).
Here we see that the total dose in the inner belt and the slot
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region belt is diminished by about a factor of S, but that the
outer LOLET belt remains at the same intensity. The dose in
the new belt is almost entirely LOLET dose, the HILET dose

.being severely diminished at this distance from the magnetic

equator. These profiles indicate that the LOLET dose
particles (primarily electrons) are far more isotropic than the
HILET dose particles (primarily protons), and that the protons
in the new belt are much more strongly confined to the
magnetic equator (have deeper loss cones) than those in the
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Figure 1. Dose rate, in Rad(Si)/s, as a function of L, in R;;, for the
CRRES Quiet Dose Model. The dose is accumulated within 6° of the
magnetic equator. HILET (LOLET) dose is plotted with a thick
(thin) dashed line; total dose is plotted with a thick, solid line.
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Figure 2. Same as Figure 1, but for the CRRES Active Dose Model.
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inner belt. The particles in the new belt are trapped with long
lifetimes and were measured from 24 March 1990 untl
CRRES stopped transmitting data, 12 October 1991.

One can use profiles such as those in Figures 1-3 to
estimate directly what dose will be encountered by satellites in
low inclination orbits. By using the entire dose models for
each shielding thickness, the dose can be more sccurately
calculated by using orbit elements to determine dwell times
over a satellite lifetime in each L and B/B, bin and accumulat-
ing the dose using the appropriate dose rate from the models.
We have created a software program, called CRRESRAD,
which can be run on a personal computer to do this {13]. This
method of estimating dose for a satellite mission differs from
the way dose is estimated using the NASA radiation modeis.
The NASA radiation modeis give integral electron and proton
omnidirectional fluxes above set thresholds for points on an L-
B/B, grid. To determine dose from these particles behind a
shielding of given shape and thickness, a transport code must
be used. These codes are fairly straight-forward for protons,
but quite complex for electrons. Creating dose models from
in-space measurements eliminates the need for such codes.
However, the dose model is, in this case, for one shielding
shape (hemispherical dome) and for four shielding thicknesses,
and is, therefore, much less flexible than a particle flux model.
The main advantage of using a dose model is that it gives
accurate total dose, including effects from Bremsstrahlung,
without having to use transport codes. In the two next
sections, we demonstrate how the program can compute dose
using the CRRES model a) to show the difference between the
quiet and the active periods for low inclination orbits at
various altitudes where CRRES data exists, and b) to get
somewhat limited dose information for high inclination orbits.
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Figure 3. Same as Figure 2, but for dose saccumulated between 20-22°
magnetic latitude,
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V. RESULTS FOR LOW INCLINATION ORBITS

To give some indication of worst case scemarios for
periods before and after the March event, we have run several
circular, 0°-inclination orbits through the models represented
by Figures 1 and 2 at altitudes either where maximum dose
would be expected or where some satellites operate. The
results are given for 5 altitudes and 4 shielding thicknesses in
Table 1. The altitudes are given as distances from the center
of the Earth in Earth radii. The orbits chosen are a) a circular
orbit at 1.55 Ry passing through the heart of the inner belt, b)
two circular orbits (one at 2.2 R and one at 2.5 R;) that pass
through the slot region, ¢) a circular orbit at 3.5 R; that
passes through the heart of the outer belt, and d) a geosyn-
chronous orbit at 6.6 R;. We have also included the measured
dose (projected to dose per year) on CRRES, in a geosynchro-
nous transfer orbit at 18° inclination, for the two periods. As
would be expected, the measured CRRES dose and that found
by running the CRRES orbits through the dose models (not
shown) agree within a few perceant.

Several conclusions may be drawn from the table:

A) The inner belt at the peak dose intensity altitude of 1.55
R is constant before and after the event.

B) The dose in the slot region near 2.20 Ry increases by
a factor of 30 to 100 depending on shielding thickness, and
becomes greater than the dose in the heart of the inner belt

*

behind shielding thicknesses greater than 1/2 inch Al (Domes
3 and 4).

C) The dose st the outer edge of the newly formed beit, at
2.5 Ry, is still approximately SO times higher than the pre-
event level.

D) The dose at the peak of the outer belt (3.5 Ry) reflects
the dypamic behavior of electrons and changes by about a
factor of 10 in an average sense before and after the event.

E) There is & small dose increase at geosynchronous
altitude for thinner shieldings in the active period. However,
the variations are more a function of the number of large
particle events (both electron and proton) than aversge dose
levels.

F) For the CRRES orbit, a geosynchronous transfer orbit,
the total orbit dose changed by about a factor of 3 for all
shielding levels between quiet and active periods.

We note that prior to the March event the slot region
between 2.2 and 2.5 R; is zlmost as benign a radiation region
as the region at geosynchronous altitude. For this reason low
altitude satellite orbits are sometimes designed with apogee in
or near the slot region. Figures 4 and 5 show the dose depth
curves for HILET and LOLET dose, respectively, before and
after the March storm, for a circular, (F-inclination orbit at
2.20 Rg. Also added to these plots are the dose-depth curves
for the most severe environment, a circular, (P-inclination
orbit at the heart of the inner radiation belt, at 1.55 R,.

TABLE 1.
COMPARISON OF DOSE (kRads/Year)
BEFORE (AFTER) MARCH, 1991 STORM

Circular, 0° Inclination Orbits and CRRES Orbit

INNER BELT 474.8 (485.1) | 103.7 (104.8) | 54.7(56.2) | 29.2 (30.9)
Circular, r=1.55 Rg
SLOT REGION A. 3.5 (109.0) 1.1 (85.8) 0.8 (78.4) 0.3 (33.9)
Circular, r=2.20 R¢
SLOT REGION B. 2.0 (119.2) 0.6 (43.8) 0.3 (20.3) .14 (6.2)
Circular, r=2.50 R¢
OUTER BELT 205.7 (1169.9) 3.6 (28.9) 0.3 (2.16) 0.2(1.0)
Circular, r=3.50 R,
GEOSYNCHRONOUS 2.3(9.5) 0.02 (.11) 0.01(0.03) § 0.01 (0.01)
B m
60 (210) 3.3(12) 1.8(5.2) 0.99 (2.6)
Geosynchronous Transfer

*Measured orbit by orbit, not from CRRES model

— il e




For HILET (proton) dose the two orbits differ in dose by
about two orders of magnitude before the storm and by much
less than one order of magnitude after the storm. On the
other hand, LOLET dose (electron and > 130 MeV protons)
for the orbit ia the slot region after the storm exceeds that for
the orbit in the inner belt.
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Figure 4. HILET dose rate (in Rads(Si)/year) as a function of
shielding thickness for two (° inclination, circular satellite orbits
using the Quict (dotted line) and Active (dashed line) CRRES Dose
Models. The orbit with altitude L=1.55 R (thick line) is through
the heart of the inner radiation belt and receives the same dose in
both models. The orbit with altitude 2.2 R (dashed lines) is in the
slot region.
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VI. THE CRRES DOSE MODELS AND HIGH
INCLINATION ORBITS

The CRRES orbit limits the region of space sampled to
+30° in magnetic latitude and to about 6.5 R from the center
of the Earth. This limits, in turn, the region of the CRRES
dose models. There are a number of ways in which the
CRRES empirical dose models can be extrapolated to higher
magnetic latitudes, or interpolated between CRRES positions
and those of a different satellite on which dose is measured,
eg., DMSP, in order to increase the model applicability. We
intend to pursue these means of extending the models.
However, the CRRES model can be used as it is for high
inclination orbits if the dose of interest is that produced
primarily by protons, or if it is accumulated behind thick
shielding (> 200 mils Al), because almost the sntire population
of particles producing these doses is contained withir the
CRRES sampling region. This is because the fall-off in dose
rate with B/B, is fast for L values less than 2.5 R;. Thus,
little error will be made in dose acquisition for those high
inclination satellite orbits whose apogees lie below L-values of
2.5 Rg. Above L = 2.5 Rg, however, in the region of the
outer zone electrons, the dose is not so tightly confined to the
magnetic equatorial plane, and must be extrapolated for higher
B/B, values. To show this we compare dose predicted from
the CRRES model for the DMSP satellites to measurements of
dose made on DMSP by a dosimeter similar to that flown on
CRRES. The DMSP measurements have been previously
reported [9, 14, 15]. We note that additional belts in the slot
region were also measured by DMSP in conjunction with the
solar particle event and large magnetic storm that occurred in
early February 1986 [14].

The DMSP satellite orbits are near-circular (840 km
altitude), polar (98° inclination), sun-synchronous orbits. The
DMSP/F7 satellite, carrying a dosimeter, returned data from
December 1983 to October 1987. This period encompassed
the last solar minimum occurring in September 1986. Average
daily dose rates for each of the dosimeter channels were
calculated in monthly intervals [15]. For HILET (protons),
the minimum average daily dose occurred at the beginning of
the mission, that is, closest to solar maximum, and rose
steadily throughout the mission. For LOLET (electrons and
>100 MeV protons) the average daily dose behind the
thinnest shielding was highly variable, but behind the other
three domes increased more or less steadily over the mission.

Table 2 gives the comparison between the dose predicted
for DMSP from the CRRES models (the dose does not change
appreciably between quiet and active models) and the monthly
minimum and maximum dose rates measured on DMSP. All
dose values are projected to a yearly dose. The dose, in each
case, is divided into HILET and LOLET ranges. The
comparison of HILET dose to the minimum dose measured by
DMSP is excellent (within 8%). The minimum dose values
measured on DMSP are those closest to solar maximum, and,
thus, more appropriate for comparison to CRRES data. The
HILET maximum values measured on DMSP were taken thir-
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TABLE 2.
COMPARISON OF CRRES MODEL DOSE
AND MEASURED DOSE
FOR THE DMSP ORBIT in Rads(Si)/Year

CRRES MODEL | DMSP MONTHLY AVERAGED DOSE
DOSE MINIMUM (MAXIMUM)
HILET

376 (504) 223 (2300) §

teen months after solar minimum. They are well within a
factor of two of the CRRES predictions, which is the rule-of-
thumb difference for protons at solar miniroum and solar
maximum. The LOLET comparisons between the CRRES
model values and the measured values are reasonably good (<
25%) for the middle two shielding levels. (Lack of good
thermal control of the dosimeter on DMSP voided the LOLET
measurements behind the thickest shielding for much of the
mission). The comparison is also good for the thinnest
shielding when compared to the minimum value measured on
DMSP. It is an order of magnitude less than the maximum
value. In the CRRES model runs, 54 % of the DMSP orbit is
outside of the region of the model. Clearly, electrons at high
magnetic latittdes miake a significant contribution to dose
behind thin shielding for high inclination orbits and these are
not yet included in our dose models. For protons, and for
thick shields, the CRRES dose models are also applicable to
high inclination orbits.

VII. DISCUSSION AND CONCLUSIONS

The CRRES dose data have been used to model two very
different conditions in the radiation belts: 8 quiet condition
with an inner belt and an outer electron belt; and an active
condition in which a third belt, composed of protons and
extremely energetic electrons, fills the slot region. An
Average Dose Model has also been constructed using all the
CRRES data. Dynamics are very important in considering
how and when to use the models. A peculiarity of the models
is that the high altitude HILET model has both zero and non-
zero bins which result from the infrequent occurrence of solar
proton events that last for several consecutive orbits. Indica-
tors of solar and magnetospheric conditions averaged over the
time periods of the models can help in evaluating the applica-

1.59 255 129 266 (358) 135 (142)
3.14 223 124 204 (266) 95 (106)
6.08 152 96 157 (266) - -

bility of the models. These are listed in Table 3 for the Quiet
and Active model periods. The averages were comstructed
from preexisting daily averages. The average sunspot number
[16] is essentially the same for the two periods, indicating that
all the data were taken at the same position in the solar cycle.
The high energy solar proton and electron ‘luxes [16] mea-
sured at geosynchronous altitude by the GOES satellite are
~20 and 6 times greater, respectively, for the active period
than for the quiet period, and provide the biggest difference
we see in the Table 3 values. These particles are thus a
possible strong driver of radiation belt dynamics. The polar
rain (low energy electron precipitation over the polar caps and
taken here from the polar cap with the larger flux value [17])
is about 50% greater during the active period than the quiet
period indicating & decrease in the difference between the solar
wind speed and the Alfven speed [B(41m)"'?] for active times.
This may indicate the importance of Alfven waves (plasma
waves that propagate at the Alfven speed and are the result of
a restoring force provided by the magnetic field) on the
surface of the magnetosphere for activating the belts. Of the
three magnetospheric activity indices, K, [18]), D, [19] and the
position of the auroral boundary at local midnight [20], oaly
D,, measuring the inner magnetospheric ring current, shows
a major difference (about a factor of 2.5). The ring current,
is a regular feature of magnetic storms and probably the best
indicator of a long interval of storm dynamics {21]. Auroral
or substorm activity, as indicated by K,, and the size of the
auroral oval (midnight boundary) is the same for both periods,
on average.

All of the new CRRESRAD models apply to solar maxi-
mum conditions. Differences in orbital dose between quiet
and active conditions can exceed two orders of magnitude.
Because of this, radiation belt dynamics must be considered in
mission planning, particularly for satellites that spend much of
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INDICATORS OF SOLAR OR MAGNETOSPHERIC ACTIVITY
Average Values

Sunspot Number

"QUIET" PERIOD
27 Jul 1990-19 Mar 1991

“ACTIVE®" PERIOD |
31 Mar 1991-8 Oct 1991

223

GOES > 10 MeV Proton Flux

1.2 10° (cm? day s}t

20.2 10° (cm? day sr)?!

| GoEs >2 Mev Eiectron Fiux

1.1 107 (cm’® day sr)

" Polar Rain Intensity

6.7 10° (cm’® s sr)”!

9.1 10° (cm’ s s1)”

K,

i
i
|
6.7 107 (cm® day sr)” E
f

2.2 2.2

D,

-12.2 -31.5

Auroral Boundary

their time in the slot region. Software, called CRRESRAD,
has been developed to estimate dose behind the four thickness-
es of shielding used on the CRRES dosimeter for any closed
satellite orbit the user specifies. It quickly estimates mission
dose using the CRRES Quiet, Active and Average dose
models. Even though the CRRES models only extend to 30°
around the magnetic equator, the models will give reasonable
dose predictions for high inclination orbits if the shielding is
greater than about 1/4 inch Al, as shown in Table 2.
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